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A family of FORTRAN bV subrout ines  w a s  developed t o  c a l c u l a t e  t h e  
thermodynamic and ibransport p r o p e r t i e s  of e i g h t  f l u i d s  a t  p re s su res  
from 0 .1  t o  200 atmospheres ( t o  TOO a t m  f o r  helium) and from t h e  t r i p l e  
p o i n t  t o  300 K f o r  neon; $0 500 K f o r  carbon monoxide and oxygen; t o  
600 K f o r  methane and a i t r o g e n ;  t o  PO00 K f o r  argon and carbon d ioxide ;  
and from 3 t o  500 K f o r  helium. This  paper p re sen t s  some of t h e  h i s t o r -  
i ca l  b a s i s  f o r  the c a l c u l a t i o n s  and t h e  equat ion  of state s e l e c t e d .  An 
opera t ions  shee8. with a d e t a i l e d  d e s c r i p t i o n  of p e r t i n e n t  i n p u t  param- 
eters and a d i scuss ion  of t h e  r e s u l t s  is  included i n  t h e  t e x t .  A b r i e f  
d e s c r f p t i c n  of each subrouzfne i s  presented i n  appendix A, The master 
subrout ine  GASP eaBeubates the remaining s ta te  v a r i a b l e  when given any 
two of p re s su re ,  d e n s i t y ,  and cernperacure as inpu t .  In a d d i t i o n ,  any o r  
a l l  o f  t h e  ehermodynamic and t r a n s p o r t  p rope r t i e s  - entha lpy ,  entropy,  

r-i s p e c i f i  c h e a t s  (Cp Cv) sonPs, v e l o c i t y ,  v i s c o s i t y  thermal conduct iv i ty ,  
b f  i sur face tension - can b e  obtained.  A c a l l  t o  GASP wfth p re s su re  and 
0 

.? 

CLJ 
L entha lpy  o r  entropy as input  will a l s o  gene ra t e  t h e  o the r  p r o p e r t i e s .  A 

s p e c i a l  technique is  prcivided t o  estimate t h e  thermal conduct iv i ty  nea r  
the themedynarntc c r i t i c a l  p o i n t ,  

'The GASP package was developed t o  be  used wi th  h e a t  t r a n s f e r  and 
f l u i d  flow calculations. Because of t h i s  i n t e n t ,  t h e  package w a s  
wri.tben as a family of independent subrout ines  wi th  a s e p a r a t e  sub rou t ine  
fo r  each s p e c i f i c  proper ty  o r  s e t  of r e l a t e d  p r o p e r t i e s .  Thus a u s e r  
wi th  l l m i t e d  needs can work.with only those  subrout ines  r equ i r ed  f o r  h i s  
program. 

Cryogenic f l u i d s  are used f o r  cool ing  equipment, p re se rva t ion ,  and 
d e s t r u c t i o n  of b i o l o g i c a l  specimens, hea t ing  o r  cool ing  o t h e r  f l u i d s ,  as 
modeling f l u i d s ,  and i n  many cases as t h e  primary test  f l u i d s  i n  h e a t  
t r a n s f e r  and f l u i d  dynamics r e sea rch ,  Carbon d ioxide  is  used i n  many 
experiments because of i ts  "room temperature' '  c r i t i c a l  temperature  e 

Cryogenic f l u i d s  are used i n  biology and medicine f o r  t h e  preser -  
var,lors and d e s t r u c t i o n  of t i s s u e ,  Skin cancers  and growths have been 
s u c s e s s f u l l y  t r e a t e d  by spraying  l i q u i d  n i t r o g e n  on t h e  d e f e c t i v e  
t i s s u e  (1)- Thousands have been t r e a t e d  s i n c e  196% f o r  involuntary  move- 
 men^ d i s o r d e r s  (parkinsonism, dys tonia  musculorum deformaus, i n t e n t i o n  
tumor, and t o r t f o e o b l i s )  us ing  s t e r e o t o x i c  cryothalamectomy ( 2 ) .  Gyne- 
c o l s g i c a l  d i so rde r s  have been t r e a t e d  us ing  cryogenic  cannula  techniques 
with a v a r i e t y  of f r eez ing  s u r f a c e  conf igu ra t ions  (3) e 

A v a r i e t y  of techniques us ing  cryogens are a v a i l a b l e  f o r  t h e  pres- 
ervation of whole blood and i t s  c o n s t i t u e n t s  f o r  per iods  of y e a r s  ( 4 ) .  
Cryogens h m e  been used t o  preserve  f o o d s t u f f s ,  such as f i s h ,  pou l t ry ,  
red  meats , f r u i t s  and vegetab les  (mushrooms tomato sl ices,  peas , beans , 
b e r r i e s  s l i c e d  peaches etc.) ( 5  and 6) 



2 

Current ly  much e f f o r t  i s  be ing  devoted t o  whole organ p rese rva t ion .  
The r e c e n t  work of Lehr (7) i n d i c a t e s  t h a t  t h e  kidney may be  a b l e  t o  su r -  
v ive  f r e e z i n g  when microwave energy i s  used t o  r e v i t a l i z e  t h e  organ. I n  
cryoimmunology, d e s t r u c t i v e  f r e e z i n g  has  been shown t o  s t i m u l a t e  t h e  pro- 
duc t ion  of an t ibod ie s  (8) . 

Cryogenic f l u i d s  are used i n  t h e  f r e e z e  dry ing  of foods,  micro- 
organisms, pharmaceut icals ,  and b i o l o g i c a l s  (9 ) .  Hydrogen and helium 
bubble chambers are used i n  nuc lea r  physics  ( r e f .  10) .  U l t r ah igh  vacuums 
can be  achieved through cryopumping ( r e f .  11). Liquid oxygen (LOX) is  
used a t  h o s p i t a l s ;  i n  i nc reas ing  t h e  capac i ty  of sewage p l a n t s  , and i n  
1968, 70% of a l l  LOX produced was  consumed by t h e  s teel  i n d u s t r y  
( r e f .  12) .  High speed t r a i n s  are proposed which r e q u i r e  c ryogenica l ly  
cooled superconducting magnets ( r e f .  13). Superconducting power t r ans -  
mission equipment w i l l  r e q u i r e  cryogens,  helium (perhaps hydrogen),  as 
w e l l  as cryogenic  condi t ion ing  equipment. E j e c t o r s  ope ra t ing  i n  t h e  
cryogenic  regime can s u b s t a n t i a l l y  augment t h e  capac i ty  of r e f r i g e r a t i o n  
systems ( r e f .  14 ) .  Cryogens are used t o  produce a low background n o i s e  
environment f o r  i n f r a r e d  d e t e c t i o n  equipment ( r e f .  15 ) .  Cryoelec t ronics ,  
superconducting motor-generators,  and thermonuclear power are a l l  depend- 
e n t  on cryogens. 

The problems a s soc ia t ed  wi th  t h e  l i q u e f a c t i o n ,  s t o r a g e ,  and g a s i f i -  
c a t i o n  of LNG ( l i q u i d  n a t u r a l  gas) and LPG ( l i q u i d  petroleum gas)  are 
c u r r e n t l y  being s tud ied  ( r e f .  16) .  

Cryogens are used i n  metal formicg cryoquenching, and f o r  producing 
h igher  q u a l i t y  machine t o o l s  ( r e f s .  1 7 ,  18 ) .  

This l i s t  of app l i ca t ions  is  by no means complete and review of 
o t h e r  cryogenic  a p p l i c a t i o n s  and several c i t e d  h e r e i n  can be  found i n  
r e fe rences  1 9 ,  20, and 21. The p o i n t  i s  simply t h a t  each of t h e s e  app l i -  
c a t i o n s  r e q u i r e s  no t  on ly  a knowledge of t h e  thermodynamic and t r a n s p o r t  
p r o p e r t i e s  of the f l u i d  b u t  an e f f i c i e n t  r e a d i l y  a c c e s s i b l e  technique f o r  
eva lua t ing  t h e s e  p r o p e r t i e s .  

GASP i s  a FORTRAN I V  family of subrout ines  which w a s  developed on a 
7094-7044 DCS machine ( i t  i s  a l s o  a v a i l a b l e  f o r  t h e  360 system) t o  de t e r -  
mine t h e  thermodynamic and t r a n s p o r t  p r o p e r t i e s  of e i g h t  f l u i d s  (helium, 
methane , neon , n i t r o g e n ,  carbon monoxide , oxygen, argon , carbon d ioxide)  
and b e  used i n  conjunct ion  wi th  o t h e r  r e sea rch  programs. The GASP prop- 
e r t y  package is  subdivided i n t o  subrout ines  and func t ions  f o r  computing 
t h e  i n d i v i d u a l  p r o p e r t i e s .  The i n d i v i d u a l  subrout ines  may be used inde- 
pendently of sub rou t ine  GASP i f  t h e  u s e r ' s  requirements  are of a more 
r e s t r i c t e d  n a t u r e  ( i . e .9  memory o r  t i m e  l i m i t e d ) .  
s c r i p t i v e  breakdown of a l l  t h e  func t ions  and subrout ines  used by t h e  
master subrou t ine  GASP, which i s  l i s t e d  i n  appendix B. 

Appendix A is  a de- 

n 

The b a s i s  f o r  t h e  program is t h e  work of Bender ( r e f .  22) and 
S t rob r idge  ( r e f .  23).  S t rob r idge  curve f i t  t h e  a v a i l a b l e  n i t r o g e n  d a t a  
w i t E  a modified Benedict-Webb-Rubin (BWR) ( r e f .  24) equat ion  of state.  
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This work represented  a major advance i n  e s t a b l i s h i n g  an equat ion  of 
s ta te  f o r  cryogens. 
( r e f .  25) were f i t  u s ing  a form similar t o  t h a t  of r e fe rence  23. I n  t h e  
e a r l y  days of work wi th  cryogenic hydrogen such an  equat ion represented  
a mi les tone  t o  those  working i n  r e sea rch  and development. 

The e x c e l l e n t  hydrogen d a t a  of Roder and Goodwin 

Bender ( r e f .  22) added a new c o n s t r a i n t  t o  t h e  problem of curve- 
f i t t i n g  PVT d a t a  and r equ i r ed  s u b c r i t i c a l  d a t a  t a  s a t i s f y  t h e  Maxwell- 
Phase Rule. The use  of t h i s  c o n s t r a i n t ,  a l though not  w e l l  def ined  i n  
r e fe rence  22, can g ive  s a t u r a t i o n  p r o p e r t i e s  d i r e c t l y  from t h e  equat ion  
sf state,  Bender ( r e f .  22) f i t  s e l e c t e d  PVT d a t a ,  s u b j e c t  t o  t h e  
Maxwell-Phase Rule c o n s t r a i n t ,  f o r  f i v e  f l u i d s :  methane, n i t r o g e n ,  
oxygen, argon, and carbon d ioxide  from t h e  t r i p l e  p o i n t  temperature  a t  
l / 2  a t m  t o  approximately 600 K and 200 a t m  t o  w i t h i n  t h e  accuracy of t h e  
experimental  da t a .  The form of Bender's equat ion ( r e f .  22) i s  based on 
t h a t  of S t rob r idge  ( r e f  23) e Because ,$he r u l e s  f o r  ob ta in ing  s a t u r a t i o n  
p r o p e r t i e s  were no t  clear from referenq% 23, t h e  s a t u r a t i o n  p r o p e r t i e s  of 
t hese  f i v e  f l u i d s  were ca l cu la t ed  he re& from curve f i t s .  

Hust and Stewart  ( r e f .  26) used t h e  p r i n c i p l e  of corresponding 
states and t h e  equat ion  of S t rob r idge  ( r e f ,  23) t o  g ive  thermodynamic 
proper ty  va lues  of carbon monoxide. McCarty and S t e w a r t  ( r e f .  27) used 
a modified form of t h e  S t rob r idge  equat ion  and corresponding states t o  
f i t  t h e  PVT d a t a  f o r  neon. 
c r i t i c a l  c o n s t r a i n t s  and one a d d i t i o n a l  c o n s t r a i n t ;  namely t h a t  t h e  equa- 
t i o n  must f i t  t h e  d a t a  f o r  t h e  Joule-Thompson inve r s ion  locus .  

The neon d a t a  were s u b j e c t  t o  t h e  u s u a l  

Mann ( r e f .  28) f u r t h e r  modified S t rob r idge ' s  equat ion t o  f i t  t h e  
a v a i l a b l e  helium d a t a ,  much of which was compiled by Mann and Stewart  
( r e f ,  29) .  Since t h a t  t i m e ,  R. D.  McCarty ( r e f .  30) has  obtained a 
more e x a c t i n  
va lues  of 
equat ions of S t rob r idge  ( r e f  a 23) , Mann ( r e f .  28) , Hust and Stewart  
( r e f  a 261, and McCarty and S t e w a r t  ( r e f  . Bender's equat ion  
( r e f .  22) a l s o  g ives  good va lues  of a2P/ i i i  f o r  t h e  f i v e  f l u i d s  f i t  
t h e r e i n  e 

f i t  t o  t h e  d a t a ;  fur thermore  McCarty's f i t  y i e l d s  good 
a 5 P/aT2 f o r  t h e  f l u i d  helium. This is  not  t h e  case f o r  t h e  

The equat ion  of s ta te  used i n  t h i s  r e p o r t  is  a mod i f i ca t ion  of 
Bender's o r i g i n a l  equat ion  ( r e f .  22) t o  inc lude  t h e  modi f ica t ions  t o  t h e  
S t rob r idge  equat ion  ( r e f .  23) f o r  t h e  f l u i d s ,  helium, neon, and carbon 
monoxide, The primary r e fe rences  used i n  GASP f o r  thermodynamic and 
t r a n s p o r t  p roper ty  c a l c u l a t i o n s  are presented  i n  t a b l e  I. The equat ion  
of s ta te  is  presented  i n  appendix A ,  under SUBROUTINE PRESS, and t h e  
c o e f f i c i e n t  ma t r ix  f o r  a l l  f l u i d s  is presented as t a b l e  11. 

The Bender equat ion  of s ta te  ( r e f .  22) has  been compared t o  t h e  
P-p-T d a t a  of several i n v e s t i g a t o r s .  Comparisons t o  d a t a  were made 
f o r  methane, carbon-dioxide,  oxygen, argon, and i n d i r e c t l y  €o r  n i t r o g e n  
and helium. I n  f i g u r e s  1 through 12  , t h e  re la t ive  e r r o r s  i n  t h e  calcu- 
laced  I?, p ,  o r  T are i l l u s t r a t e d  as func t ions  of t h e  reduced proper ty  
f o r  methane and oxygen. For example i n  f i g u r e  2,  t h e  re la t ive e r r o r s  i n  
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pres su re  (Pexp - Pcalc) /Pexp 
p res su re  Pexp/Pcrit. 

are p l o t t e d  as func t ions  of t h e  reduced 

The essence  of t h e s e  f i g u r e s  and o the r  comparisons can be  p a r t i a l l y  
summarized i n  t a b l e  111. However, one should consu l t  t h e  f i g u r e s  i n  
order  t o  more f u l l y  understand t h e  dev ia t ions  between t h e  s ta te  equat ion 
and t h e  da t a .  

The r e s u l t s  were gene ra l ly  i n  good agreement w i t h  t h e  c o l l e c t i o n  of 
d a t a  i n  Dinn ( r e f .  32) .  The f i t  of t h e  helium d a t a  given by McCarty 
( r e f .  30) i n d i c a t e s  t h e  helium r e s u l t s  t o  b e  of f  as much as 4% i n  PVT and 
up t o  20% i n  some der ived  p r o p e r t i e s  i n  t h e  near  c r i t i c a l  r eg ion ,  i nd i -  
c a t i n g  t h e  helium f i t ,  used h e r e i n ,  w i l l  need f u r t h e r  modi f ica t ions .  
Even t h e  neon d e n s i t i e s  are no t  i n  complete accord wi th  r e f e r e n c e  27, 
and t h e  der ived  va lues  d e v i a t e  somewhat from those  of r e fe rence  27, i n d i -  
c a t i n g  t h a t  t h e s e  d a t a  w i l l  a l s o  need f u r t h e r  modi f ica t ions .  

The GASP proper ty  package d i f f e r s  from t h e  va r ious  techniques of 
r e fe rences  22 through 30 i n  t h a t  i t  was  developed t o  b e  used i n  f l u i d  
f low and h e a t  t r a n s f e r  c a l c u l a t i o n s .  A s  such,  t h e r e  are independent 
calls f o r  t h e  t h r e e  state v a r i a b l e s  p re s su re ,  d e n s i t y ,  o r  temperature  
( see  t a b l e  I V  OPERATIONS SHEET). I n  a d d i t i o n ,  temperature  and a l l  t h e  
o the r  p r o p e r t i e s  can b e  obtained as a func t ion  of p re s su re  and en tha lpy ,  
o r  p re s su re  and entropy which are o f t e n  used i n  forced  convect ion 
s t u d i e s .  Se lec ted  examples of  p r o p e r t i e s  ca l cu la t ed  us ing  GASP are 
given as f i g u r e s  14 and 15. 

While enthalpy and entropy are a v a i l a b l e  i n  r e fe rences  23 t o  28 
t h e  s p e c i f i c  h e a t s  (Cp, C v ) ,  s o n i c  v e l o c i t y ,  v i s c o s i t y ,  thermal  conduc- 
t i v i t y ,  and s u r f a c e  t ens ion  w e r e  no t  computed (good va lues  of Cp and 
Cv are given f o r  helium i n  r e f .  30) .  One of t h e  major reasons  t h a t  
t he  s p e c i f i c  h e a t s  were not  g iven  is t h e  s i g n i f i c a n t  dev ia t ions  i n  
32P/3T2 
l a r g e  va lues  of Cv. For example, us ing  t h e  S t rob r idge  equat ion ,  t h e  
ca l cu la t ed  va lues  of Cv f o r  n i t rogen  are i l l u s t r a t e d  i n  f i g u r e  13. 
Af te r  much e f f o r t  i n  t h i s  area, t h e  au thors  f i n a l l y  decided t o  u s e  nu- 
merical techniques t o  determine AU/AT = Cv and AH/AT = Cp, f o r  p / p  
cutof f  v a l u e  t h a t  varies wi th  each f l u i d .  
CPPRL, appendix A .  The v i s c o s i t y  and thermal  conduct iv i ty  computat ional  
methods were adapted from re fe rences  33 and 34 f o r  t h e  gaseous regime 
and from re fe rences  35,  36, 37,  and 38 f o r  t h e  n e a r - c r i t i c a l  regime. 
The s u r f a c e  t e n s i o n  c a l c u l a t i o n  w a s  adapted from re fe rence  39, and modi- 
f i e d  t o  f i t  t h e  d a t e  given i n  r e fe rence  40, 
t i o n s  f o r  t h e s e  t r a n s p o r t  p r o p e r t i e s  is  included i n  appendix A. 

a t  nea r  c r i t i c a l  temperatures  which gene ra l ly  l ead  t o  very  

See f i g u r e  16 and SUBROUTINS 

A d e s c r i p t i o n  of t h e  equa- 

The symbols used h e r e i n  are g iven  i n  appendix C. 
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APPENDIX A 

FUNCTIONS AND SUBROUTINES CONTAINED I N  SUBROUTINE GASP 

I f  t he  u s e r  wishes t o  disassemble GASP i n t o  i t s  family of subrou- 
t i n e s ,  t h e  u s e r  should con tac t  t h e  au thors  a t  L e w i s  Research Center ,  
Cleveland, Ohio 44135. 

I n  a l l  cases, t h e  u n i t s  are s p e c i f i e d  & g and t h e  r eg ion  by KJ, 
see s k e t c h ,  t a b l e  I V .  I f  KR is  e i t h e r  s p e c i f i e d  as 1 o r  r e tu rned  as 1 
the s a t u r a t e d  l i q u i d  and vapor p r o p e r t i e s  are computed. A l l  s a t u r a t e d  
p r o p e r t i e s  become a v a i l a b l e  through t h e  l abe led  common s ta tement  COMMON/ 
PROPTY/etc. Three of f i v e  shoices  of KU a v a i l a b l e  t o  t h e  u s e r  are 
given i n  t a b l e  V.  

The property r o u t i n e  GASP w i l l  warn t h e  u s e r  i f  t h e  i n p u t  o r  calcu-  
l a t e d  va lues  are out  of range,  i f  an i t e r a t i o n  has  not  converged, o r  a 
va lue  has  been ex t r apo la t ed ;  however, c a l c u l a t i o n  w i l l  cont inue.  Calcu- 
l a t i o n s  w i l l  be  terminated i f  t h e  use r  f a i l s  t o  s p e c i f y  t h e  name of t h e  
f l u i d ,  see SETUP (NAMGAS). 

A f lowchart  of subrout ine  GASP and t h e  rou t ines  c a l l e d  d i r e c t l y  by 
GASP i s  included i n  appendix D. 

BLOCK DATA - A Data Subrout ine 

This  r o u t i n e  conta ins  t h e  message which lists t h e  f l u i d  used and t h e  
a s soc ia t ed  c r i t i c a l  cons t an t s  , e. g. , 

THERMODYNAMIC AND TRANSPORT PROPERTIES FOR C02 : 

PC = 72.869 ATM, TC = 304.21 K ,  ROC = -464 GM/CC 

Also included are t h e  u n i t s  conversion f a c t o r s  t o  convert  t h e  u s e r ' s  
u n i t s  as s p e c i f i e d  by KU t o  those  which are i n t e r n a l l y  c o n s i s t e n t .  
KU = 1 gives u n i t s  which are t h e  same as i n  t h e  program. 

SUBROUTINE SETUP (NAMGAS) 

This r o u t i n e  uses  NAMGAS, a 2 o r  3 le t ter  H o l l e r i t h  code t abu la t ed  
below, t o  select t h e  c o e f f i c i e n t s  f o r  a p a r t i c u l a r  f l u i d  and over lay  them 
i n t o  t h e  common blocks needed by GASP. The c o e f f i c i e n t s  i nc lude :  

(1) Equation of s t a t e  c o e f f i c i e n t s  

(2)  Satura ted  vapor l a w  c o e f f i c i e n t s  
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(3)  S p e c i f i c  h e a t  a t  zero p re s su re  c o e f f i c i e n t s  

( 4 )  Transport  c o e f f i c i e n t s  
* *  

(a)  Viscos i ty  LI - v , LI 

(b) Thermal conduct iv i ty  A - A , A 
* *  

(c) Force cons t an t s  

(d) Surface t ens ion  0 

(5) Region d e l i m i t e r s  on P ,  T ,  p ,  H 

(6) Region d e l i m i t e r s  f o r  swi tch ing  t o  numerical C v  c a l c u l a t i o n  

F lu id  H o l l e r i t h  code F lu id  H o l l e r i t h  code 

Helium HE Nitrogen N2 
Methane CH4 Oxygen 02 
Neon NE Argon A.R 
Carbon-monoxide co Carbon-dioxide c02 

The c o e f f i c i e n t s  f o r  i t e m s  1 t o  3 and 5 are l i s t e d  i n  t a b l e  11. The r e f -  
erences f o r  t h e  o the r  c o e f f i c i e n t s  are l i s t e d  i n  t h e  f l u i d  r e fe rence  
t a b l e  I. 

SUBROUTINE CHECKS (A m u l t i p l e  e n t r y  subrout ine)  

ENTRY DCHECK(KU ,D) 

A t  t h i s  n t r y  po in t  t h e  dens i ty  D is  converted t o  
grams/cm3 and checked t o  see if D i s  ou t  of range. 

ENTRY PCHECK(KU ,KR,P) 

This  e n t r y  converts  t h e  p re s su re  P t o  mega-Newtons/ 
(meter):! and checks f o r  out  of range. I f  KR=1, P is 
checked f o r  out of s a t u r a t i o n  range. I f  P i s  o u t  of 
range,  t h e  program writes an ou t  of range no te  and 
cont inues e 

ENTRY TCHECK(KU,KR,T) 

This  e n t r y  converts  t h e  temperature  T t o  degrees  Kelvin 
and checks f o r  ou t  of range.  I f  KR=1, T i s  checked f o r  
ou t  of s a t u r a t i o n  range. I f  T is ou t  of range,  t h e  pro- 
gram writes a no te  and cont inues.  

This  r o u t i n e  is used f r equen t ly  t o  i n s u r e  t h a t  t h e  proper r eg ions  and 
u n i t s  are used i n  t h e  ca l cu la t ions .  It p r i n t s  OUT OF RANGE messages t o  
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warn t h e  u s e r  t h a t  t h e  r e s u l t s  are ex t r apo la t ed ,  and may b e  i n c o r r e c t .  
It is  t h e  r e s p o n s i b i l i t y  of t h e  u s e r  t o  check t h e s e  r e s u l t s  f o r  v a l i d i t y .  

FUNCTION SOLVE(Xl,F,DF) 

This  r o u t i n e  is  a Newton-Raphson i t e r a t i o n  given an i n i t i a l  estimate 
X I ,  t h e  func t ion  F ,  and i ts  d e r i v a t i v e  DF. I f  t h e  convergence has  
no t  been a t t a i n e d  i n  100 i t e r a t i o n s ,  t h e  r e s u l t  and a n o t e  are 
w r i t t e n  ou t .  Ca lcu la t ion  cont inues wi th  t h e  las t  value.  

SUBROUTINE ROOT (XO ,X2 ,FOFX,FUNC , X l >  

This  r o u t i n e  s o l v e s  f o r  X 1  such t h a t  FUNC(Xl)=FOFX, where X 1  
l i es  between XO and X2. It inc ludes  a modified h a l f - i n t e r v a l  
s ea rch  technique and permits  only one r o o t  between XO and X2. 
I f  a r o o t  has no t  been found i n  100 i t e r a t i o n s ,  t h e  r e s u l t  and a 
no te  are w r i t t e n  o u t ,  and c a l c u l a t i o n  cont inues.  

SUBROUTINE ROOTX - Same as SUBROUTINE ROOT 

This  r o u t i n e  must be  included t o  allow a func t ion  argument of ROOTX 
t o  c a l l  ROOT. 

SUBROUTINE SPLINA(X ,Y ,NX,T ,NT ,YINT ,KFD ,KERROR) 

This  i s  a s p l i n e  curve f i t  r o u t i n e  used f o r  i n t e r p o l a t i o n .  

SUBROUTINE POLY'(X, COEF) 

This  r o u t i n e  eva lua tes  t h e  polynomial a t  X ,  where f ( x )  i s  descr ibed  
by the  coef f i c i e n t  a r r ay  COEF . 

SUBROUTINE DENS(KU,T,P ,D,DL,DV,K.R) 

This  r o u t i n e  computes t h e  d e n s i t y  D ,  g iven the  temperature  T and 
p res su re  P ,  I f  KR-1, t h e  s a t u r a t e d  l i q u i d  and vapor d e n s i t i e s ,  
DL and DV,  r e s p e c t i v e l y ,  are computed as a func t ion  of T only.  
I f  e i t h e r  T o r  P is  i n i t i a l i z e d  t o  zero ,  t h e  s a t u r a t e d  d e n s i t i e s  
are computed as func t ions  of P o r  T ,  r e s p e c t i v e l y ,  and t h e  sa tu -  
r a t i o n  temperature  o r  p re s su re  i s  r e tu rned  i n  t h e  i n i t i a l i z e d  s t o r e .  

SUBROUTINE PWSS(JUJ,T,D,P,KR) 

This  r o u t i n e  computes t h e  p re s su re  P ,  given temperature  T and 
d e n s i t y  D o  I f  KR=1,  P w i l l  b e  t h e  s a t u r a t i o n  p res su re  computed 
as a fzmction of T only by SUBROUTINE PSSS. While t h e  equat ion  
of s t a t e  i s  found i n  SUBROUTINE PRESS, it i s  also used i n  subsequent 
r o u t i n e s .  The s ta te  equat ion  used by GASP i s :  
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4 5 6 
P = RpT + A ( T > p 2  + B(T)p3 + C(T)p  + D(T)p + n 1 3 ~  

2 
-n20? IT2 + P 3 w 0  + p2F(T)le 

where i f  t h e  f l u i d  is  helium, T2 = T ,  otherwise T2 = 1. 

A(T) = n T + n2 + ~+--p+--p+ n3 n4 n5 - n21 

1 T4 

2 n8 n23 + n6T + n7 + - + - B(T) = n22T 
T2 

C(T) = n 9 T + n  10 

n24 
D(T) = nllT + n12 + - T 

n 

The c o e f f i c i e n t s  nl t o  n20 are from Bender's o r i g i n a l  equat ion  wh i l e  
n21 t o  1124 have been added f o r  carbon-monoxide, neon, and helium. 

SUBROUTINE TEMP(KU,P,D,T,KR) 

This  r o u t i n e  computes t h e  temperature  T ,  g iven p res su re  P and 
d e n s i t y  D. I f  KR=1,  T w i l l  be  t h e  s a t u r a t i o n  va lue  computed as 
a func t ion  of P on ly ,  by func t ion  TSS. 

FUNCTION DSF(DS) (A m u l t i p l e  e n t r y  rou t ine )  

This  is  a func t ion  used wi th  DENS t o  so lve  f o r  d e n s i t y  DS given 
temperature  TS and p res su re  PS. 

DSF = P equat ion of s ta te  - P given 

ENTRY DDSF (DS) 

This r o u t i n e  c a l c u l a t e s  t h e  d e r i v a t i v e  of t h e  above func- 
t i o n  and i s  used wi th  DENS t o  s o l v e  f o r  d e n s i t y  DS given 
temperature TS and p res su re  PS 
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a (DSF) 
a P  

DDSP = 

SUBROUTINE PSSS (PSS) 

This  r o u t i n e  computes t h e  s a t u r a t i o n  p res su re  PSS given tempera- 
t u r e  TS ,  where 

j 2  2 4 5 loglo P = 3, 9 T + j g T  4- j 4 T  + J T3 + j 6 T  + j T 5 7 

and t h e  va lues  j, t o  j are found i n  SETUP. 7 

FUNCTION TSS(PS) 

This  is a func t ion  used t o  compute s a t u r a t i o n  temperature  given t h e  
p re s su re  PS. 

FUNCTION TSSF(TSS) (A m u l t i p l e  e n t r y  rou t ine )  

This  func t ion  is used wi th  FUNCTION TSS t o  s o l v e  f o r  s a t u r a t i o n  t e m -  
pe ra tu re  TSS given p res su re  PS. 

TSSF = Vapor p re s su re  equat ion  - loglo(PS) 

ENTRY DTSSF(TSS) 

This  r o u t i n e  provides  t h e  d e r i v a t i v e  of t h e  above f u n c t i o n  
and is used wi th  func t ion  TSS t o  s o l v e  f o r  s a t u r a t i o n  
temperature  TSS given t h e  p re s su re  PS 

a (TSSF) 
a T  DTSSF = 

FUNCTION TSF(TS) (A m u l t i p l e  e n t r y  rou t ine )  

This  func t ion  i s  used wi th  TEMP t o  solve f o r  t h e  temperature  TS, 
given p res su re  PS and d e n s i t y  DS. 

TSF = Equation of s t a t e  - PS 

ENTRY DTSF(TS1 

This  r o u t i n e  c a l c u l a t e s  t h e  d e r i v a t i v e  of t h e  above func- 
t i o n  and i s  used wi th  TEMP t o  s o l v e  f o r  temperature  
given p res su re  PS and d e n s i t y  DS. 

TS 

a (TSF) 
a T  DTSF = 
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SUBROUTINE TEMPPH (KU , P ,H , T ,D ,DL ,DV ,KR) 

For a given p res su re  P and enthalpy H ,  t h i s  r o u t i n e  w i l l  r e t u r n  
va lues  of temperature  T and dens i ty  D. I f  KR=1, s a t u r a t e d  
l i q u i d  and vapor p r o p e r t i e s  w i l l  b e  r e tu rned .  

SUBROUTINE TEMPP S (KU P , S , T , D , DL , DV , KR) 

For a given p res su re  P and entropy S ,  t h i s  r o u t i n e  w i l l  r e t u r n  
va lues  of temperature  T ,  and dens i ty  D. I f  KR=1, s a t u r a t e d  
l i q u i d  and vapor p r o p e r t i e s  w i l l  be  re turned .  

FUNCTION TSHF(TS) (A m u l t i p l e  e n t r y  rou t ine )  

This is a func t ion  used i n  conjunct ion wi th  TEMPPH. It 
ob ta ins  a t r i a l  v a l u e  of DS us ing  t h e  given PS and a 
t r i a l  TS. Then i t  ob ta ins  a t r i a l  H which i s  compared 
t o  t h e  inpu t  enthalpy w i t h i n  an i t e r a t i o n  i n  TEMPPH. 

ENTRY TPSF (TS) 

This i s  a func t ion  used i n  conjunct ion wi th  TEMPPS. It 
ob ta ins  a t r i a l  va lue  of DS from t h e  given PS and a 
t r i a l  TS. Then i t  f i n d s  a t r i a l  S which is compared 
t o  t h e  i n p u t  entropy w i t h i n  an i t e r a t i o n  i n  TEMPPS. 

SUBROUTINE ENTE(KU,KR,T,P,D,H,HL,HV) 

This r o u t i n e  computes enthalpy H given the temperature T, pressure 
P, and density D. If KR=1, the saturated liquid and vapor enthal- 
pies HL and HV, respectively, are computed as a function of T only. 

SUBROUTINE ENT(KU,KR,T,P,D,S,SL,SV) 

This r o u t i n e  computes entropy S given temperature  T ,  p re s su re  P,  
and d e n s i t y  D.  I f  KR=1, t h e  s a t u r a t e d  l i q u i d  and vapor en t rop ie s  
SL and SV, r e s p e c t i v e l y ,  are computed as a func t ion  of T only.  

FUNCTION HDINT(DS,DSL) (A m u l t i p l e  en t ry  rou t ine )  

This  r o u t i n e  computes t h e  i n t e g r a l  used i n  t h e  enthalpy 
computation from d e n s i t y  DSL t o  d e n s i t y  DS. 
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ENTRY SDINT (DS ,DSL) 

This  r o u t i n e  computes t h e  entropy i n t e g r a l  from t h e  
d e n s i t y  DSL t o  t h e  dens i ty  DS 

FUNCTION HDINTF(DS) (A m u l t i p l e  e n t r y  rou t ine )  

This  r o u t i n e  eva lua te s  t h e  in tegrand  of func t ion  HDINT 
where DS is  t h e  v a r i a b l e  of i n t e g r a t i o n .  

P 
2 P - 5 P (%)p 

ENTRY SDINTF (DS) 

This r o u t i n e  eva lua te s  t h e  in tegrand  of func t ion  SDINT 
where DS i s  t h e  v a r i a b l e  of i n t e g r a t i o n .  0 

- t P (5) P 

FUNCTION HSS(PS,DS) (A m u l t i p l e  e n t r y  r o u t i n e )  

This func t ion  computes t h e  enthalpy i n  t h e  r eg ion  
( see  t a b l e  IV) o r  s a t u r a t e d  vapor enthalpy (KR=l), given 
p res su re  PS,  d e n s i t y  DS, and temperature  TS. 

KR=3 

where 

t o  m are found i n  SETUP. ml 5 and t h e  va lues  

ENTRY SSS (PS ,DS) 

This r o u t i n e  computes the  entropy i n  reg ion  KR=3 o r  t h e  
s a t u r a t e d  vapor entropy (KR=l) given t h e  p re s su re  PS, t h e  
d e n s i t y  DS, and temperature  TS. 
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SUBROUTINE HSLV(PS) (A m u l t i p l e  e n t r y  rou t ine )  

This  r o u t i n e  i s  used i n  conjunct ion wi th  HSS t o  compute 
t h e  s a t u r a t e d  l i q u i d  and vapor en tha lp i e s  given p res su re  
PS and temperature  TS. HV comes from HSS, and 

HL = HV - T*HSSLVF 

ENTRY SSLV(PS) 

This  r o u t i n e  is used wi th  SSS t o  compute t h e  s a t u r a t e d  
l i q u i d  and vapor en t rop ie s  given p res su re  PS and t e m -  
p e r a t u r e  TS. SV comes from SSS, and 

SL = SV - HSSLVF 

FUNCTION HSSLVF( PS) 

This  is  a func t ion  used wi th  HSLV t o  compute s a t u r a t e d  l i q u i d  en- 
tha lpy  from s a t u r a t e d  vapor enthalpy o r  s a t u r a t e d  l i q u i d  entropy 
from s a t u r a t e d  vapor entropy given p res su re  PS and temperature  TS. 

ap HSSLVF = - AV a T  

where 

1 v = -  
P 

SUBROUTINE CPPRT., (PS,DS,T,CPPART,CVPART,KU,KR,KCP) 

This  r o u t i n e  computes t h e  s p e c i f i c  h e a t s  a t  con t a n t  volume (CV) 
and cons tan t  p re s su re  (CP) . 
vapor s p e c i f i c  h e a t s  a t  cons tan t  volume, CVL o r  CW, and cons tan t  
p re s su re  CPL o r  CPV, r e s p e c t i v e l y ,  are computed as reques ted  by 
GASP. 

I F  KR=1, t h e  s a t u r a t e d  l i q u i d  and 

The s p e c i f i c  h e a t s  are computed by 
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(pc  = c r i t i c a l  'switch provided t h e  inpu t  dens i ty  is less than  
d e n s i t y ) .  Also see f i g u r e  36. 

F lu id  
- 

Helium 
Methane 
Neon 
Nitrogen 
Carbon monoxide 
Oxygen 
Argon 
Carbon d ioxide  

2.4 
2.5 
1 .0  
2.2 
2.4 
2.4 
2 .4  
2 .4  

I f  dens i ty  i s  g r e a t e r  than  t h e s e  v a l u e s ,  t h e  s p e c i f i c  h e a t s  are 
c a l c u l a t e d  us ing  SUBROUTINE SPCHV. 

I n  a d d i t i o n ,  i f  T Q T c r i t i c a l ,  then  t h e  s p e c i f i c  h e a t s  f o r  neon, 
carbon-monoxide, and helium w i l l  b e  computed by SPCHV. 

The p a r t i a l  d e r i v a t i v e s  (aP/aT)p and (aP/ap)T are a v a i l a b l e  t o  
t h e  use r  i n  COMMON/PARTLS/PTV,PDT. 

E'UNCTION CPPRLF (DS) 

This  r o u t i n e  eva lua te s  t h e  i n t e g r a l  used i n  computing s p e c i f i c  hea t s .  

SUBROUTINE PTRHO (D ,T) 

This  r o u t i n e  eva lua te s  two p a r t i a l  d e r i v a t i v e s .  The answers are 
re turned  i n  COMMON/PARTLS/PTV,PDT. 

PTV = ") aT  
P 

PDT = ") 
T 



14 

SUBROUTINE SPCHV (KU ,KR, T ,P ,D , CV , CVL , CW) 

This rout ine computes the  s p e c i f i c  hea t  a t  constant volume CV 
given temperature T ,  pressure P ,  and densi ty  D. I f  KR-1, t h e  
saturated l i q u i d  or  vapor s p e c i f i c  hea t ,  CVL o r  CVV, respec t ive ly ,  
is  computed as requested by GASP. 

A(H - E) 
- AU 

AT AT 
c v = - -  

See SUBROUTINE CPPRL . 
SUBROUTINE CVPS (KVP ,KR,CVS) 

Given temperature, pressure,  and density,  t h i s  rou t ine  is  used t o  
determine f i v e  values of i n t e r n a l  energy U f o r  a s p l i n e  f i t  used 
i n  SPCHV t o  compute the  s p e c i f i c  hea t  a t  constant volume. 

SUBROUTINE SONIC(KU,KR,T,D,GAMMA,C) 

This rout ine  computes sonic  ve loc i ty  C given temperature T,  
densi ty  D ,  and the  s p e c i f i c  hea t  r a t i o  GAMMA=CP/CV. 

SUBROUTINE VISC (KU ,KR,T ,D ,MU) 

This rou t ine  computes the  v i s c o s i t y  MU, given temperature T and 
densi ty  D. 
form of the  Chapman-Enskog model by 1-1 = 0.2669 E - 
where Qv i s  the  Leonard-Jones po ten t i a l  v i s c o s i t y  c o l l i s i o n  in te -  
g r a l ,  reference 16. The excess v i scos i ty  co r re l a t ion  is  from J o s c i ,  

The d i l u t e  gas v i s c o s i t y  4s computed as a s implif ied 

S t i e l ,  and Thodos, reference 

[ ( v  - P*)SXlO -4]1/4 = 0.1023 

* where 1-1 - v d a t a  has been 

13. 

2 + 0.023364 pR + 0.058533 pR 

3 4 - 0.040758 pR + 0.0093324 pR 

v e r i f i e d  i n  the  references l i s t e d  i n  
t a b l e  I. Here pR = p / p ,  and 5 = T;/6/~1/2p2/3 C 

SUBROUTINE THERM(KU ,KR,T ,P ,D , EXCESK, FK) 

This rout ine computes the  thermal conductivity FK, given t h e  t e m -  
perature T and density D. FK represents t h e  thermal conduc- 
t i v i t y  of t h e  d i l u t e  gas plus  t h e  excess conductivity ( A  - A*) which 
is  a function of density.  The computation of t h e  thermal conduc- 
t i v i t y  anomaly EXCESK (AR) i s  based on t h e  theory of Sengers and 
Keys, reference 43, which agrees with the  reac t ing  gas theory of 
Brokaw, reference 41. The techniques are compared and discussed i n  
Leference 44, 
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EXCESK w i l l  b e  computed f o r  t h e  d e n s i t y  regime 
To ob ta in  t h e  thermal  conduct iv i ty  of a n e a r - c r i t i c a l  f l u i d ,  t h e  
u s e r  must add FK and EXCESK. 

0 . 3  < p / p c  1.8. 

The d i l u t e  gas conduct iv i ty  and t h e  excess  conduct iv i ty  are curve 
f i t s  from t h e  d a t a  i n  t h e  r e fe rences  as l i s t e d  i n  t h e  f l u i d  r e f e r -  
ence t a b l e  I. The S t i e l  and Thodos c o r r e l a t i o n  of r e fe rence  36 is 
used where i t  is  p r a c t i c a l .  Spec ia l  procedures are followed f o r  
helium as ind ica t ed  i n  t h e  r e fe rences  of t a b l e  I. 

SUBROUTINE SURF(KU,KR,T,SIGMA) 

Compute t h e  s u r f a c e  t ens ion  SIGMA, given t h e  temperature T ,  by a 
corresponding-state  c o r r e l a t i o n  suggested by Brock and B i r d ,  r e f -  
e r ense  39. i- 

SUBROUTINE DGUES(TS,TCR,DST) 

This  r o u t i n e  provides  a near  c r i t i c a l  d e n s i t y  estimate used by 
subrou t ine  DENS. 

FTJNCTION CONZ (TEMP) 

This  r o u t i n e  computes t h e  thermal conduc t iv i ty  of helium f o r  t h e  
d i l u t e  gas as a func t ion  of temperature  by t h e  technique of 
Roder, r e f e rence  55. 

I n  c los ing ,  now t h a t  t h e  r eade r  i s  f a m i l i a r  wi th  GASP, t u r n  t o  
1 , exc i se  t a b l e s  I V  and V and d i sca rd  t h e  remainder of t h e  paper .  
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CnMMLlN / P R n P T Y l  K U  9 DL DV 9 H L  rHV r Sr SL r SV r CV *C VL r CVV r CP 9 CPL r C PV r G&WHA r 

LGAWM AL s GAMMAJr GI C L r  CVPr  MU* WUL r MUV r K r  K L  9 K V r  S IGMAI E X C L r  EXCV r EXCESK 
RFAC MO.MUArWUVrKrKL 9KV 
COW!4ON/CH€CKS/DCHl 

LSCHl*HSCHZ 
OATh K P C l  / 2 r 3 r 6 . 7 r  10.11 r 141 15.189 19 922 923 m26 127130 931 r 3 4 r 3 5 r 3 8 r  

1 3 9 . 4 2 . 4 3 r 4 6 1 4 7 9  5 0 9 5 1 s  5 4 r 5 5 * 5 8 1 5 9 . 6 2 * 6 3 /  
DATA KPCZ / 4 * 5 . 6 * 7 r  1 2 1 1 3 9 1 4 1 1 5 r 2 0 9 2 1 9 2 2  r 2 3 9 2 8 9 2 9 r 3 3 9 3 1 9 3 6 r 3 7 r 3 8 1  

DATA K P C l  /8t9rl~~llr12~13rl4rL5.24.25r26r27.2Br29~3Or3l~4~r4l~42r 

IIATA K P C 4  / 1 6 r 1 7 ~ 1 6 ~ ~ 9 ~ 2 0 ~ 2 1 r 2 ~ ~ 2 3 ~ 2 4 c 2 5 ~ 2 6 r 2 1 1 2 8 . 2 9 r 3 0 ~ 3 1 ~  

Gn TO L l O . 2 0 r 3 U . 4 0 r 4 5 1  r K S  

r D C H 2 r P C H 1  r P C H 2  rPCH3 v T C H l r T C t i 2 r  TCH390ST9 T S T c H  

1 3 9 . 4 4 . 4 5 . 4 6 r 4 7 r ! 5 2 r 5 3 r 5 4 c 5 5 r b O I b l . b 2 . 6 3 /  

1 4 3 . 4 4 0 4 5 r 4 h r  559 569 5 7 . 5 8 r 5 9 1 6 O r 6 1 9 6 2 r 6 3 /  

1 4 H 1 4 9 r  50.511 5 2 r 5 3 9 5 4 . 5 5 9  5 6 9 5 7 r 5 8 9 5 9 r S O  9 6 1  s62 963/ 

C 
C COMPUTE D E N S I T Y  
C 

1 (E Ik  ( I( R NF 1.4ND. L P. L To PCH 1 OR. T. L T rn T C H l  ) ) W R  I TE ( 6 9 251  ) 
I F  L KKaEO.  1.4NO. LP.LT.PCH1.AND. T.LT.TGH11) W R I T E ( 6 r 2 5 2 )  
I f  
CALL 

I P-GT. PCH3.OR a Ta GT.TCH3) 
UENSL KU T + P  r Ur D L  *DV r KR 

U A I  TE L 6.253 ) 

GO T O  5a 
c 
c COW PUT E P I E  SSURE 
C 

7 0  i k  LKH.Nf~ l .4UDo(T .LT .TCHl .OR.D.LT .DCf i l )  ) N R I T E ( b r 2 5 1 1  
WRITE(  6 9 2 5 2 )  I F  

I F  ( T.GToTCH3.0R.O.GT.OCH2) W R I T E L b r 2 5 3 )  
CALI. P R E S S I K U r  T r  DoP rKR4 

L KK.EU. 1.4ND. (T.LT.TCH1.AND.D.LT. DCH 1) ) 

c,n T U  5n 
c 
c 
c 

C {IMP LIT € T E MP E R AT U R E 

30 I F  ( KRoEO.1oAYD. LPoLT.PCHl.AND.D.LT.DCH1)) W R I T E ( 6 r 2 5 1 J  
16 
I F 
CALL 

( KR . N E .  1.4ND t P. L To PCH 1. OR. De LT. D C H l  i 1 
( P GT. PCH3. OR 00. GT- DCH 2 1 

W R I  TE (5 r 2 5 2  I 
rJR I TE ( 6 r 253 ) 

TFMP I KI1, P 9 D r T KR) 
(;13 T n  50 

c 
c COMPLJIE T E H P t R A T U R t  AND D E N S I T Y  G I V E N  PRESSURE AND ENTHALPY 
r, 

+!I I f  (P .LT .PtHLoJ~oP.bT .PCH31  W K I T E ( 6 * 2 5 4 J  
TENPPHi  KU * P  * l i t  T O O *  DL .DVI kR) CALI. 

MI TI1 511 
c 
c C(IMP1ITF TFMPEKATUKE AluU DErNSI T Y  G1 VEN PRESSJRE AND E N l R U P Y  
c 

45 IC. ( P .LT. P C H l  .nl. P obT. PCH3 ) WRITE 16.254 ) 
C A I 1  TEHPPS I KU.P.SrT*D.DLrDVvKR ) 

50 I C  I M N I 4 K P . Z ) J  6 0 . 7 0 ~ 6 C  



C 
C C OMP IJT E E Y T H  AL PY 

hO CALL F N T ~ ~ I K U ~ K R I T * P  IDIHIHLIHV) 
7 0  DO RO 1 ~ 1 . 3 2  

I F  

GO TO 110 

I KP-KPC1 I I ) 1 1  1011001 80 
80 CONTINUF 

c 
C COMPUTF ENTROPY 
c 

100 CALL E N t t  KUI K R t  T rP.01 S, SL ISV) 
110 on 1 x 1  1= i .32  

I F ( K P - K P C 2 I  I i j  140*130.120 
120 CONT IN lJE  

130 KCP=O 
GO TO 140 

C 
C COMPUTE S P E C I F I C  HEATS AN0 SONIC VELOCITY 
C 

IF IKR.NE.1) GO TO 20C 
CALL DENS( KU.T.P.DeDL .DVt 1) 
CALL CPPRL L PI DL  I T I C P L ~ C V L  IKUI KRI KCP) 
CALL CPPRL I P S  DV.TIGPVICVVIKUIKK.KCP) 
GAMMAL=CPL /CVL 
GAMMAV=CP V /CVV 
CALL 
CALL SONIC IKU. KRITIDVIGAWHAVICVP) 

200 CALL CPPRL I P .  DITICPICVIKUIKRI KCP) 

SON1 C I K J  KR I TI OL I GAMMAL I C L  ) 

GO TO 140 

GAMHA=C P/C V 
CALL SONIC I KUI KR I T t  DIGAMMAIC) 

140 nn 150 1= i .32  
I F  I KP-KPC3I  I ) ) 170 I 1601 150 

I50 CONTINUE 
GO TO 170 

c 
c COMPUTE V I  SCO S I TY 
C 

I60  I F  IKR.PJF.1) GO TO 165 
CALL 
CALL 
CALL 

OENSI KU. TIP.OIDL IDVI 1) 
V I  SC( KUe K k r  TIOLIMUL) 
V ISC( KUI KKI  TIOV.MUV) 

Gn T O  170  

170  nn 175  1= i .32  
1 6 5  CAL L V I SC I KUI KR 9 TI Ot MU 1 

I F ( K P - K P C 4 I  I b 1 1 9 O . 1 8 0 1 1 7 5  
175  CONT I N I I F  

GO TO 190 
C 
C COMPIITF THkRHAL C O N D U C T I V I T Y  
C ‘JOT&-- F R I Z E N  VALUE A V A I L A B L E  I N  KIKLIKY 

RETURNED I N  E X C ~ S K I  EXCLIEXCV C 
C 

1uo 

270 
190 

C 
C 
C 

7 40 
7 3n 

-- REACTING CONDUCT1 V I T Y  

I F  IKR.NE.1) GO TO 220 
CALL IIENSI KUIT r P  .D.OL *DVI 1) 
CALL THFRH I KU1KR.P .T*DL. EXCLIKL 
CALL THERM I <U~KKIPIT rDV. EXCV.KV 

1-11 TO 190 
CALL THERM (KUIKRIP.TID* EXCESKvK 
I F  ( ~ P - V )  730.240.240 

COMPUTE SURFACE T E N S I O N  

CALL SURF IKUIKR.TISIGMA) 
KE T J  K N 

7 5  1 FDKYAT ( 1HO s 4 5 H  11UT OF RANGE-LOW-SEE EKXOR L IST-CALC. CONT 
2 5 7  Fr)RWAT( 1 H n 1 4 5 H  OUT OF RANGE-SAT-StE EKKOR LIST-CALC.CUNT 
753  FORMATI 1H0.45H OlJT O f  RANPE-HI  -SEE ERROR LIST-CALC.CONT 
354 FnRWAT( lHO.45H OUT OF KANLE- P -SEE ERROR LIST-CALCeCONT 

FNI) 
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APPENDIX C 

SYMBOL L I S T  

C 

P 

F o r t r a n  
symbol" 

C 

CL 

CVP 

CP C P  

c*O 

CPOCOR 

C P L  

CPV 

cv cv 

CVL 

CVV 

D 

DL 

DS 

DSL 

P t  

DV 

EXCL 

EXCV 

EXCESK xR 

s o n i c  v e l o c i t y  , cm/sec 

s o n i c  v e l o c i t y ,  s a t u r a t e d  l i q u i d ,  cm/sec 

s o n i c  v e l o c i t y  , s a t u r a t e d  gas , cm/sec 

s p e c i f i c  h e a t  a t  cons tan t  p re s su re ,  J / (g) (K)  

s p e c i f i c  h e a t  a t  "zero" p re s su re  , J/  (g) (K) 

s p e c i f i c  h e a t  u n i t s  c o r r e c t i o n  f a c t o r  

s a t u r a t e d  l i q u i d  s p e c i f i c  h e a t ,  Cp, J / (g) (K)  

s a t u r a t e d  vapor s p e c i f i c  h e a t  , Cp , J/ (g) (K) 

s p e c i f i c  h e a t  a t  cons tan t  volume, J / ( g )  (K) 

s a t u r a t e d  l i q u i d  s p e c i f i c  h e a t  

s a t u r a t e d  vapor s p e c i f i c  h e a t  , Cv, J / ( g )  (K) 

d e n s i t y  , g/cm 

d e n s i t y ,  s a t u r a t e d  l i q u i d ,  g/cm 

d e n s i t y  used i n t e r n a l  t o  t h e  program, gm/cm 

d e n s i t y  , s a t u r a t e d  l i q u i d ,  used i n t e r n a l  t o  t h e  

Cv , J/ (g) (K) 

3 

3 

3 

3 program, w/cm 
3 t r i p l e  po in t  d e n s i t y ,  g/cm 

d e n s i t y ,  s a t u r a t e d  vapor ,  g/cm 

r e a c t i n g  conduct iv i ty  , s a t u r a t e d  l i q u i d  , w/cm-k 

r e a c t i n g  conduc t iv i ty ,  s a t u r a t e d  vapor ,  w/cm-k 

r e a c t i n g  conduc t iv i ty ,  w/cm-K 

3 

I 

* 
Symbols used i n  t h e  i n d i v i d u a l  subrout ines  are i d e n t i f i e d  i n  t h e  

work s ta tement  of t h a t  sub rou t ine  (see appendix A ) .  
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Y GAMMA r a t i o  of s p e c i f i c  h e a t s ,  Cp/Cv 

H 

HO 

GAMMAL 

GAMMAV 

H 

Hv 

HL 

set  j 1-7 

k* 

k K 

KCP 

KL 

K P  

KR 

KS 

KU 

KV 

??z 

ml- 5 

1.I 

MUV 

1-24 n 

P P 

r a t i o  of s p e c i f i c  h e a t s ,  s a t u r a t e d  l i q u i d  

r a t i o  of s p e c i f i c  h e a t s ,  s a t u r a t e d  vapor 

en tha lpy  J / g  

r e fe rence  enthalpy , J / g  

en tha lpy ,  s a t u r a t e d  vapor , J / g  

en tha lpy ,  s a t u r a t e d  l i q u i d ,  J / g  

set of cons t an t s  , equat ion  of vapor p re s su re  curve 

thermal conduc t iv i ty  (p + 0) W/ (cm) (K) 

thermal conduct iv i ty  , W/ (cm) (K) 

region d e l i m i t e r  used i n  t h e  numerical  c a l c u l a t i o n  
of cv 

thermal conduct iv i ty  , s a t u r a t e d  l i q u i d ,  W/ (cm) (K) 

thermodynamic and t r a n s p o r t  p r o p e r t i e s  s p e c i f i c a t i o n  

thermodynamic r eg ion  s p e c i f i c a t i o n  

s t a t e  r e l a t i o n  s p e c i f i c a t i o n  

u n i t s  s p e c i f i c a t i o n  

thermal conduc t iv i ty  , s a t u r a t e d  vapor , W/ (cm) (K) 

molecular weight  

se t  of cons t an t s ,  equa t ion  of s p e c i f i c  h e a t  a t  "zero" 
pres  s u r  e 

dynamic v i s c o s i t y ,  s a t u r a t e d  l i q u i d ,  g/(cm)(sec)  

dynamic v i s c o s i t y ,  s a t u r a t e d  l i q u i d ,  g/ (cm) ( sec)  

dynamic v i s c o s i t y ,  s a t u r a t e d  vapor ,  g/(cm) (sec) 

set  of cons t an t s ,  equa t ion  of s ta te  

p res su re ,  a t m  



20 

pC 

'max 

min P 

P C  

'switch 

S 

0 

d 0 

T 

TO 

Tmax 

C 
T 

Tt 
P 
P 

U = H - -  

V 

z = -  

n 

P 
PRT 

FI 

PC 

PS 

PSS 

R 

RHOC 

S 

SIGMA 

SL 

sv 

T 

TC 

TS 

TS S 

pres su re  a t  t h e  thermodynamic c r i t i c a l  po in t  

upper pressure  l i m i t ,  MN/m 

lower pressure  l i m i t ,  MN/m 

p re s su re  used i n t e r n a l  t o  t h e  program, MN/m 

s a t u r a t i o n  p res su re  used i n t e r n a l  t o  t h e  program, 

2 

2 

2 

m/m2 

gas cons tan t  , J/ ( 8 )  (K) 

d e n s i t y  a t  t h e  thermodynamic c r i t i c a l  p o i n t ,  p / c m  

d e n s i t y  where c a l c u l a t i o n  of CV change from numeric 

3 

t o  a n a l y t i c  

entropy , J/ (g) (K) 

s u r f a c e  t ens ion ,  dyne/cm 

hard sphere  c o l l i s i o n  diameter  , angstroms 

r e fe rence  entropy , J/ (g) (K) 

entropy , s a t u r a t e d  l i q u i d  , J/ (g) (K) 

entropy,  s a t u r a t e d  vapor ,  J/ (g) (K) 

temperature  , K 

r e fe rence  temperature ,  K 

temperature  of t h e  thermodynamic c r i t i c a l  p o i n t ,  K 

upper temperature l i m i t ,  K 

temperature used i n t e r n a l  t o  t h e  program, K 

s a t u r a t i o n  temperature  computed by FUNCTION TSS, K 

t r i p l e  po in t  temperature ,  K 

i n t e r n a l  energy, J/gm 

s p e c i f i c  volume, cm / g m  

compress ib i l i t y  f a c t o r  

Leonard-Jones c o l l i s i o n  i n t e g r a l - v i s c o s i t y  

3 
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APPENDIX D 

COMPACT FLOW CHART FOR GASP 

ENTER 
SUBROWINE GASP (KS,KPT,P 

CALL TEMPPS 
(KU,PS,T,D,DL,DV,KR) 

KS= 1 

CALL PRESS 
(KU,P,H,T,DL,DV,KR) 

CALL TEMP 

NOTE: Tests  are  so arranged, but 
not Indicated here,  such 
that  i . e . ,  KP=1+4=5 
w i l l  return enthalpy and 
s p e c i f i c  heat s  ( C P , C V r t h e i r  
r a t i o  =CP/CV, and son ic  
v e l o c i t y .  See,  a l s o ,  the 
operations s h e e t .  

(KU,KR,T,P,D,S,SL,SV) 

CALL DENS 
(KU,T,P,D,DL,DV, 1) 

CALL CPPRL 
( P,D,T,CP,CV,KU,~,KLP) 

I I' 

le3 GAMMA= CP/CV GAMMAV" CPV/C W 
I I I 

V 
1 

I,,,,,,&%- (KU,T, P,D,DL,DV,KR) 

-1 IN0 
CALL VISC KU,KR,T,D,MW (KU,KR,T,D,MU) 

1 CALL THERM 
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ENTER 
SUBXOUTINE DENS (KU,T, P ,D,DL,DV, KR ) 

]PS=PCHECK( KU,KR, P )if- ++ 
- 

I 

C A U  P S S S ( P S )  

I +I INITIALIZE DS 

+-I INITIALIZE DS 

0 RETURN 

NO DENS uses:  

PCHECK 
TCHECK 
TSS 
PSSS 
SOLVE 
ROOT 

DGUESS 

J 

INITIALIZE EST + 
1 t 

D=DS*DCONV(KU) 

1 
(GiiG> 

*See APPENDIX A for d e t a i l s  of subroutine or function s p e c i f i e d .  
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\psPs*PcONVfKUd- 

ENTER 
SUBROUTINE PRESS (KU ,T ,D , P .KR ) 

d i r e c t l y  from t h e  equat ion of 

TS=TCHECK(KU,KR,T) - 
+ 

DETERMINE REGION NUMBER 

s e t  KR=1, or K R q ,  or KR=3 
CALL P S S S ( P S ) * b  - from TS and DS, i . e . ,  - KR=1 

KR=2 
KR'3 

* 
I I s t a t e .  I . ,  

I I I 

1 
(Z) 

TEMP uses:  

PCIiECK 
DCHECK 
TSS ( P S  ) 
DENS 
SOLVE 

*See APPENDIX A for d e t a i l s  of subrout ine o r  funct ion spec i f ied .  

ENTER 
SUBROUTINE TEMP(KU,P,D,T,KR) 

PRESS uses: 

TCHECK 
DCHECK 
DENS 

DETERMINE REGION NUMBER 
from PS and D S ,  l .e . ,  

s e t  KR=1, 2, or 3 I K R = 1  

I! 

*See APPENDIX A for d e t a l l e  of a i i i~ rou t lne  01' funLtion speclflfq. 
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*CALL HSLV(PS) to 
compute HSL, HSV. 

- - 

- 
KR=3 

I 

CALL HSLV(PSS) to 

.If______ 
1 HS = HSL + PS/Ds-psS/DsL 

+ HDIRT (DS ,DSL)* 
I 

47 RETURN 

ENTER 
(KU,W,T,P,D,S,SL,S 

I 

22 RETURN 

ENTH uses: 

TCHECK 
PCHECK 
DCHECK 
HSLV 
PSSS 

ENT USES: 

SSLV 

PSSS 
SSLV 
SDINT 
sss 

CALL SSLV(PSS) to 
compute SSL, DSL 

1 

ss = SSL+ R *  (ALOG(DS* ALOG(DS)) 
+ SDINT(DS,DSL) 
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T=TS+TCONV(KU~ 

,TEMPPS is i d e n t i c a l  to 
TEMPPH except that H 
representing enthalpy is 
everywhere replaced by S 
t o  ind ica te  entropy and 

and TSHF t o  TPSF. 
ENTH is changed t o  ENT 

VERIFY REGION NUMBER from 
given PS and calculated TS 

CALL TEMP to get  
SATURATION TS 

DETERMINE approximate REGION 
r NUMBER on bas i s  of: HSL, HSV, 
CALL ENTH t o  get HSL, HSV and PS 

- -  - - - - - - - -  - - -  
DETERMINE approximate REGION 
NUMRER on bas i s  of: 
and PS 

- - - - - -  
--g 

- - - -  
*CALL ENT t o  g e t  SSL, SSV 

SSL, SSv, 

I 

TEMPPH uses:  

PCHECK 
HCONV 
TEMP 
ENTH 
DENS 

TEMPPS uses:  

PCHECK 
SCONV 
TEMP 
ENT 
DENS 

ROOTX 
TPSF 

I 

ROOTX 
TSHF 

CALL ROOTX(T81,TS2,HS,TSHF,TS) 

*CALL ROOTX(TSl,TS2,SS,TPSF,TS) 
- - - - - - -  - - - _ -  i 

CALL DENS t o  g e t  DS - 
D=DS*DCONV(KU) + 
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S O N E  uses:  

TCHECK 
DCHECK 

ENTER 
SUBROUTINE VISC ( KU,KR,T,D,MU) 

... 

TS=TCHECK( KU,KR,T ) 
DS=DCHECK(KU,D) 

J 
COMPUTE XU USING 
fi* CURVE AND,U--Y* CURVE 
as explained i n  APPENDIX A 

ct, RETURN 

ENTER 
SONIC (KU,KR,T,D, GAMMA,C) 

VISC uses:  

TCHECK 
DCHECK 
POLY 

CS=1000.EYGAMPR] 

=-I c= c s x c c o n r v o k  I 

i-, RETURN 

ENTER 
THERM(KU,KR, P,T,D,EXCESK,K) 

K* curve and K-K* 
curve a s  described i n  

EXCESK is calculated by 
a modified technique 
of Sengers-Keyes. 

THEFiM uses: 

TCHECK 
DCHECK 
POLY 

CONZ 
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COMPUTE CVPART directly 
as a function of T and DS 
using function CPPRLF (DS) 

COMPUTE SIG t directly 

SIGMA=SIG*STCONV(KU) i 

4 

ENTER 
PRL(PS,DS,T,CPPART,CVPART,KU,KR,KC 

I 

SURF uses: 

TCHECK 

CPPRL uses: 

CPPRLF 
SPCHV 
PTRHO 

WALL SPCHV( KU, KR,KCP ,TS, 6 ,  CVPART ) 
-numerical technique for CVPART 

I 
$ 

CALL PTRHO (DS,TS) to 
obtain PTV, PDT 

- -  _ - _ - _ _ _  

I 23 SETURN 
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TABLE IV. - OPERATIONS SHEET FOR SUBROUTINE GASP 

COMMON/PROPTY/KU, DL, DV, HL, HV, S, SL, SV, CV, CVL, C W ,  CP, CPL, CPV, GAMMA, GAMMAL, GAMMAV, C, 
CL, CVP, MU, MUL, MUV, K, KL, KV, SIGMA, EXCL, EXCV, EXCESK 
REALMU, MUL, MUV, K, KL, KV 
CALL SETOP(NAMGAS) Name the fluid: HE for Helium, CH4 for  methane, NE for Neon, N2 for  Nitrogen, CO for  

Carbon Monoxide, 0 2  for Oxygen, AR for Argon, C02 for  Carbon Dioxide. 

I KP=O \ KPtl H 
1 K9-2 s 

KP=4 Cv 
I CP 

Y 
C i KP=8 p 

KP=16 k \ KP=32 u 

CALL GASP(=, KP, T, P, D, H, KB) 

‘ K R = 3  

KR=2 Liquid 

2 Pressure,  m / m  
Temperature, K Twa-phase ,,’ \ LThermodynamic and Transport properties* 

+ saturation -’ 
Only P, p, T returned 

Entropy, J/(g)(K), (S), (SL), (SV) 

Liquid Enthalpy, J/g, (HI, (HL), (HV) , 
Entropy, S 

Specific heat at constant volume, J/(g)(K), (CV), (CVL), ( C W )  
Specific heat at constant pressure,  J/(g)(K), (CP), (CPL), (CPV) 
Ratio of specific heats, Cp/Cv, (GAMMA), (GAMMAL), (GAMMAV) 
Sonic velocity, cm/sec, (C), (CL), (CVP) 
Dynamic viscosity, g/(cm)(sec), (MU), (YUL), ( M W )  
Thermal conductivity, W/(cm)(K), (K), (KL), (KV) 
Surface tension, dyne/cm, (SIGMA) 

Input specification of independent properties 
KS=l P = f (E,F); ,qptn E , P  fhx/ p 
Ks=2 P=f (T ,p ) ;  g i v h  T,p find P 
Ks=3 T =  f(p,pk given P , p  find T 
Ks=4 T,~__=_f(P,J);given P,H find T,p 
KS=5 T,p =f(P,S); given P,S find-T,p 

Reset KR#l each time GASP is called to be  assured of nonsaturation calculations. At the beginning of the user’s program, 
set K U 4  for units indicated above. For  other units, see Table V. 

SAMPLE PROBLEM 

.. - 

COMMON/PROPTY/ \(as indicated above) 
DATA NAMGAS/2HN2/ 
CALL SETUP(NAMGAS) 
KU= 1 
CALL GASP(2,31,80, P, 1.254,H,KR) 

The program has been asked to find fo r  nitrogen the pressure P, corresponding to a density of 1.254 g/cm3 and a tempera- 
ture of 80 K. Furthermore, the program will return values for H, S, Cv, Cp, y ,  C, 1.1, and k. The values of H and P are 
returned through the call vector and the remaining values are returned through the COMMON statement. 

*For example: KP=1+2=3 will return enthalpy and entropy; KP=1+8+16=25 will return enthalpy, viscosity, and thermal _- - 
conductivity; KP; 1+2+4+8+16=31- returns everything except a; KP=2 will return entropy, 
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TABLE V. - U N I T S  SPECIFICATION KU 

~ -.. - .  
Temperature 
Density 
Pressure 
Enthalpy 
Entropy, s p e c i f i c  heat  
Sonic ve loc i ty  
Dynamic v i scos i ty  
Thermal conductivity 
Surface tension dyne / cm I 

______I 1 _-L _._____-- -* 

- -. . - .  - . -. (I --".-I. 

KU=1 
- I _ _  - -- 

K 

MN/m2 
j oule/gm 
joule/gm-K 
cm/sec 
gm/ cm-sec 
j oule/cm-sec-K 

gm/ cc 
R 
l b  m/ft3 I 
ps ia  
Btu/lb m 
Btu/lb m-R 
f t / s e c  
l b  m/ft-sec 
Btu/ft-sec-R 
lb f  /f t -- I 

f 
1 

KU=4,5 permit t he  user t o  work i n  o ther  u n i t s ;  however, t he  proper conver- 
s ions must be entered i n t o  BLOCK DATA, 
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TABLE V I .  - PROGRAM ASSEMBLY 

1. S e t  up t h e  r e t u r n  of thermodynamic and t r a n s p o r t  p r o p e r t i e s  

COMMON P R P T Y / K U , D L , D V , H L , H V , S , S L , S V , C V , C V L , C ~ , C P , C P L , C P V , G ~ ,  
G~L,GAMMAV,C,CL,CVP,~,MUL,MUV,K,KL,KV,SIGMA,EXCL,EXCV,EXCESK, 
REAL Mu ,MUL ,MLW K KL ,KV 

2 .  Specify t h e  name of t h e  f l u i d  f o r  which p r o p e r t i e s  are r e q u i r e d ;  e .g . ,  
DATA NAMGAS/3HCH4/. 

3. Call  SETUP (NAMGAS). This over lays  t h e  proper c o e f f i c i e n t s .  See 
t a b l e  11. 

4 .  E s t a b l i s h  t h e  u n i t s  you are working i n  KU- ( s p e c i f y  1, 2 ,  o r  3 ) .  See 
t a b l e  V I .  

5. Add your program he re .  

6. Add GASP package o r  SUBROUTINE SETUP (NAMGAS), BLOCK DATA, and o t h e r  
requi red  subrout ines .  

7 Data 

, GASP Package SUBROUTINE 
SETUP , BLOCK DATA, and 
o t h e r  subrout ines  ,- Main Program 9 Subroutines 

’ ,-- KU-1, 2 ,  or 3 

DATA NAMGAS/3HCH4/ 
- CALL SETUP (NAMGAS) 

7 COMMON PRPTY, e tc .  - Program Dimensions, Common, 
ete.  

Control  cards  
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Figure 1. - Relative error in density for the methane data of Vennix, refer- 
ence 57, as a function of reduced density; calculated values from Vennix's 
equation of state, reference 57. CS-60065 
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Figure 4. - Relative error in density for the methane data of Vennix, refer- 
ence 57, as a function of reduced density; caiculated values from Bender's 
equation of state, reference 22. CS-60068 



Figure 5. - Relative error in pressure for t he  methane data of Vennix, refer- 
ence 57, as a function of reduced pressure; calculated values from Bender's 
equation of state, reference 22. CS-60069 

Figure 6. - Relative error in temperature fbr the methane data of Vennix, 
reference 57, as a function of reduced temperature; calculated values 
from Bender's equation of state, reference 57. CS-60010 
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Figure 7. - Relative error in density for the methane data of Jansooue et. al, 
reference 56 as a function of reduced density; calculated values from 
Bender's equation of state, reference 22. CS-60071 
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Figure 8. - Relative error in pressure for the methane data of Jansooue et. al, 
reference 56, as a function of reduced pressure; calculated values from 
Bender's equation of state, reference 22. CS- 60072 
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Figure 8. - Concluded. CS-60073 
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Figure 9. - Relative error in temperature for the methane data of Jansooue 

et. al, reference 56, as a function of reduced temperature; calculated 
values from Bender's equation of state, reference 22. CS-60074 
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Figure 10. - Relative error in density for the oxygen data of Weber, refer- 
ence 31 as a function of reduced density; calculated values from Bender's 
equation of state, reference 22. CS-60075 
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Figure 11. - Relative error in pressure for the oxygen data of Weber, 
reference 31, as a function of reduced pressure; calculated values 
from Bender's equation of state, reference 22. C5-60076 
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